Abstract-In the past decade, optical mapping provided crucial mechanistic insight into electromechanical function and the mechanism of ventricular fibrillation. Therefore, to date, optical mapping dominates experimental cardiac electrophysiology. The first cardiac measurements involving optics were done in the early 1900s using the fast cinematograph that later evolved into methods for high-resolution activation and repolarization mapping and stimulation of specific cardiac cell types. The field of "optocardiography," therefore, emerged as the use of light for recording or interfering with cardiac physiology. In this review, we discuss how optocardiography developed into the dominant research technique in experimental cardiology. Furthermore, we envision how optocardiographic methods can be used in clinical cardiology.
I. INTRODUCTION
C ARDIAC electrophysiology enjoyed a long and illustrious history of scientific breakthroughs and clinical advances. The history of electrophysiology goes back to as early as the 18th century. The desire to understand cardiac electrophysiology resulted in the documentation of the first cardiac action potential by Koelliker and Müller in 1856 and in the first recording of the human electrocardiogram in 1887 by Waller [1] , [2] . The clinical importance of these advances is obvious in hindsight, but was not so clear at the time. It is ironic to mention that Waller himself stated "I do not imagine that electrocardiography is likely to find any very extensive use in the hospital" [1] . The future, however, proved him wrong and for more than 100 years the electrocardiogram and electrical stimulation dominated both clinical and basic cardiac electrophysiology and helped saving millions of human lives.
The field of electrocardiography has evolved from single channel recordings carried out with the Lippmann electrometer to more modern clinical techniques like invasive measurement of electrograms using catheters and non-invasive measurement of epicardial electrograms using electrocardiographic imaging [4] . These modern electrocardiographic methods guide clinical diagnostics and therapy for life-threatening arrhythmias in millions of patients worldwide [4] . However, electrocardiography
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faced limitations in experimental and clinical settings such as the inability to record transmembrane potentials, or to record electrograms during and after electric shocks or near the site of stimulation. Also, the spatial resolution is limited by the number and spacing of electrodes. These constraints of electrocardiography led to a search for different techniques resulting in the development of a field that we deem "optocardiography." Optocardiography covers the method of using light to monitor and control cardiac physiology and has evolved over the last century from first cinematographic recordings of a beating frog heart to multiparametric imaging of fluorescence [5] , [6] . More recently, the development of optogenetics brought a new power to biophotonics permitting not only to record but also to control physiological function [7] , [8] . Thus, optical methods matched and in some cases exceeded electrical methods in its ability to both control cellular biology and to monitor multiple parameters. The multiparameteric nature of biophotonics and its significantly higher spatiotemporal resolution as compared to electrical methods promises to far exceed the power of this modern methodology.
In this review, we discuss how optocardiography has evolved from simple observations by the naked eye into sophisticated optical sensing and stimulation methods that may even have exceeded electrocardiography, especially in basic science.
II. EARLY HISTORY OF OPTICAL MEASUREMENTS
It was the amazingly innovator Etienne-Jules Marey who at the end of the 19th century did the first experiments that can be considered the birth of optocardiography Fig. 1(a) . He used the electrometer developed by Lippmann to measure cardiac potentials and used photography to register the electrocardiogram [9] . Later, Marey and his assistant Lucien Bull developed the "cinemotographic gun" that had the shape of a rifle and could be used to monitor wing oscillations of insects and birds in flight [10] . One of the first physiologists that incorporated the Marey-Bull cinematographic method in cardiac research was George Ralph Mines who at that time worked at the Cambridge School of Physiology. Mines was known for crafting his own equipment and devices that he used for his experiments. A century ago, in 1913, he published a study in which he recorded the contraction of the frog heart by taking photographs of the beating organ at 15 frames/s on a bromide paper using the Marey-Bull cinematographic method [11] . Fig. 1(c) shows a sequence of 24 photographs that was displayed in the paper of Mines from 1913. Later, Carl J. Wiggers used the cinematograph to monitor the order of irregular contractions during ventricular fibrillation [12] , [13] . Wiggers already realized at that time the advantages of using optics in cardiology: "..noting simultaneously the movements that occur in diverse portions of the ventricular surface. . ... in addition allows considerable magnification of the quiverings occurring in individual areas of the ventricle." [12] . Interestingly, the main reason for Wiggers to use cinematography in his experiments is the same reason that we use optical measurements in modern cardiac electrophysiology, namely, the high spatial resolution.
III. INTRODUCTION OF FLUORESCENT DYES IN OPTICAL MEASUREMENTS
In the late 1960s, Larry Cohen attempted to measure the neuronal action potential by using the change in light scattering. He wrote: "We hope that with further improvements in technique it will be possible to sort out the significant parameters more effectively and that the results will provide a useful 'new look' at the mechanism of nerve conduction." [14] We believe this led to the development of optical measuring methods based on the voltage-dependent characteristics of fluorescent dyes, also called potentiometric dyes [15] . These dyes bind to the cell membrane and exhibit an emission spectrum shift upon a change of the membrane potential. Using the right filter settings, variations in fluorescence can be detected. These variations are linearly related to the change in membrane potential and thereby it is possible to optically measure the action potential [see Fig. 2(a) ]. The proof of this promising technique was given by measuring the action potential of the axon in 1973, the first cardiac application was shown three years later [see Fig. 2(b) ] [16] , [17] . The potentiometric dye that was used in these pioneer experiments was Merocyanine 540. Although the action potential could be measured for hours, the signal-to-noise ratio was difficult to maintain throughout the experiment due to washout and photobleaching [18] , [19] .
The attempt to improve the recording of optical action potentials led to the development and validation of several potentiometric dyes. The most popular ones are stryryl dyes like RH-241, di-4-ANEPPS, and di-8-ANEPPS because of their low levels of phototoxicity, high-emission magnitude, and large fractional change of fluorescence during action potential (up to 12%) [20] , [21] . The rapid change in fluorescence precedes the microelectrode signal when measured from the same area [22] . The latter suggests that optical signals are well suited to detect fast cellular electrical activities with time and space resolutions comparable or even superior to those obtained using microelectrode techniques [22] .
The majority of the potentiometric dyes have a low-excitation/ emission wavelength and only allows measurements of superficial tissue layers. This limitation was circumvented by the modifications of styryls dyes that generated a red shift of the excitation and emission spectra [23] - [26] . The use of these redshifted dyes faciliated for the first time to image deeper anatomical structures in hearts of large mammals, such as man, dog, pig, and sheep [27] . Furthermore, these dyes allowed optical recordings from blood-perfused tissue [25] . However, a disadvantage is that intense excitation light can partly photobleach fluorescent dyes and lead to the generation of toxic side products that can damage cardiomyoctytes. This process is called phototoxicity and is mainly an issue in thin tissue preparations such as the sinus and atrioventricular node, monolayers or single cells [17] , [28] , [29] . In tissue or whole organ preparations, phototoxicity is generally negligible.
IV. ADVANTAGE OF HIGH SPATIAL RESOLUTION
OF OPTICAL RECORDINGS
A. Epicardial Mapping
As mentioned in the Section I, Wiggers already realized in the 1930s that spatial information about the sequence of activation, or activation mapping, is of crucial importance for understanding normal patterns of activation and mechanisms of arrhythmias. The conventional activation mapping studies were done using needle electrodes or multielectrode grids with an interelectrode distance not smaller than 300 μm. The use of optical action potentials for activation mapping provided an enormous increase in spatial resolution down to 0.1-μm interpixel distance. This resolution allowed measuring the detailed activation pattern of the sinus and atrioventricular node during a single beat in the adult heart (see Fig. 3 ) [27] , [30] . The possibility to reduce the field of view by increasing magnification improved the spatial resolution even more. This enabled Kamino et al. to localize pacemaking in the early embryonic heart in 1981 [31] . Next to the increase in spatial resolution, the use of potentiometric dyes also permitted the recording of the activation front after ventricular shock, which was impossible with electrodes due to the enormous stimulus artifact (see Fig. 4 ) [32] .
In the late 1980s, optical action potentials were used to measure conduction velocity in papillary muscle [33] . Later in the early 1990s, the recording of optical action potentials was validated by comparison with computer simulations. This study showed that the maximum of the first and second derivatives of the optical action potentials closely correlated with the activation and repolarizations times in the intact heart [21] . Various studies followed to map the activation pattern of the rabbit, dog, and man heart [34] . Not only has optical mapping confirmed existing knowledge about activation patterns, it has also provided high-resolution data that revealed details that were not observed with the previously used electrode grids. For example, the findings that the cardiac impulse can originate from extranodal sites within the right atrium [35] or that reentrant wave fronts in the human heart are highly organized [36] .
To date, optical mapping is the method of choice for determining activation and repolarization patterns in transgenic mice [37] - [41] . It is frequently used for mapping cardiac tissue preparations of larger mammals including man [42] - [44] . It is also applied to measure monolayers that are nowadays often used to test gene therapy [45] or to characterize cardiomyocytes derived from induced pluripotent stem cells from human [46] . However, as with single cell experiments, phototoxicity is a limitation of optical mapping when imaging monolayers [29] . 
B. Panoramic Imaging
Despite the superior high spatial resolution of optical mapping, the activation front propagates outside the twodimensional field of view, especially important during ventricular fibrillation. In 1999, this problem was addressed by measuring the opposite side of the heart using mirrors [47] . Later, panoramic imaging was performed with multiple cameras [48] . Panoramic imaging allowed to measure the complete epicardial activation sequences during ventricular fibrillation (see Fig. 5 ) [49] , [50] . In conventional optical mapping, a curved epicardial surface is projected onto a two-dimensional sensor. This means that distance in the "Z" direction is not taken into account when conduction velocity is calculated and may lead to underestimation of conduction velocity, especially near the edges of the field of view. Panoramic imaging enables the projection of a three-dimensional conduction pattern on the surface of the heart. Conduction velocity can be more precisely measured thereby improving our understanding of conduction during normal and irregular activation patterns [51] . Despite these advances, panoramic imaging is still limited to the surface of the heart and cannot measure three-dimensional pattern of excitation across the transmural myocardium.
C. Transmural Imaging: Transillumination
Conventional optical mapping only records subsurface epicardial or endocardial activation patterns. However, the transmural activation pattern is critically important in the mechanism of arrhythmias. So far, only local electrograms recorded with plunge needle electrodes provide information about the moment of activation and repolarization but with low spatial resolution [52] , [53] . An optical method was proposed to address the issue of transmural activation and repolarization [54] . Zemlin et al. showed that the morphology of the upstroke reveals the direction of propagation of the three-dimensional wavefront near the surface [55] . Furthermore, application of near infrared dyes also allowed pseudo-three-dimensional imaging by using transillumination techniques [56] , [57] . However, a more rigorous inverse problem solution would be required to address three-dimensional pattern of activation.
V. OPTICS FOR MONITORING INTRACELLULAR ION CONCENTRATION

A. Calcium Imaging
Depolarization of the cardiac cell membrane results in an influx of Ca 2+ that triggers the sarcoplasmic reticulum to release its stored Ca 2+ causing a rise in the cytoplasmic Ca 2+ and contraction of the cardiomyocyte [58] . This mechanism, referred to as excitation-contraction coupling, is the link between electrical activation and contraction, therefore it is important to be able to monitor it. Several fluorescent dyes have been found to change their emission spectrum or fluorescence upon binding Ca 2+ (expertly reviewed in [59] ). It is important to realize that with this technique the amount of Ca 2+ that is bound to the dye is measured and not the free Ca 2+ concentration. Another important related consideration is how to strike a right balance between signal quality and calcium buffering. High affinity calcium dyes yield better signal-to-noise ratio, but alter calcium handling by buffering free calcium leading to an error in the measured calcium concentration; in contrast, low-affinity dyes do not interfere with physiological calcium cycling, but are notoriously difficult to use due to low quality of signals [60] - [62] . In 1967, the first fluorescence-based measurement of Ca 2+ was performed using aquarin [63] . After that, other indicators were discovered such as Indo-1, Fluo-3/4, Fura-2, and Rhod-2 [64] - [68] . Free intracellular Ca 2+ was first measured by fluorescence in the beating heart in the late 1980s using Ca 2+ indicator Indo-1 [69] . The introduction of laser scanning and multiphoton microscopy has enabled the discovery of Ca 2+ subcellular localization and the detection of Ca 2+ sparks (reviewed in [70] ).
B. Sodium and Potassium Imaging
The intra-and extracellular concentrations of Na + and K + are major determinants of conduction and repolarization in the myocardium. Fluorescent indicators of Na + and K + used in cardiac research, SBFI and PBFI respectively, were discovered in the late 1980s [71] , [72] . The use of SBFI-enabled easy detection of intracellular Na + concentration during heart failure [73] . PBFI has been used to monitor K + concentration during hypoxia [74] . Most of the experiments are done in isolated cardiomyocytes. To our knowledge, in the intact heart, no studies have been done in which Na + and K + are measured using fluorescent indicators. However, changes in extracellular K + throughout the myocardium have been directly related to heterogeneity in refractoriness and the onset of arrhythmias [75] . Therefore, we think that the application of high-resolution optical mapping of Na + and K + in the intact heart could advance our knowledge about the mechanisms of ischemia-induced or triggered arrhythmias.
C. Metabolic Imaging
During ischemia or heart failure many changes occur in the mitochondria, in particular changes in the inner membrane potential, which is of critical importance [76] . The membrane potential of mitochondria can be monitored using fluorescent indicators, such as Safranine [77] or more recently developed dyes such as JC-1, Rhodamine 123, and its derivatives TMRE and TMRM [78] - [81] . These dyes have primarily been used in isolated mitochondrial and cellular studies, but recently have been administered in isolated hearts. In the latter, it appeared that brief periods of ischemia induced a collapse of the mitochondrial membrane potential that spreads as a propagating wave across the myocardium [82] . Although the use of mitochondrial membrane potential dye in the whole heart is debated [83] , this is potentially a powerful method that would allow mechanistic insight into the relation between cardiac metabolic state and its excitation-contraction coupling.
The metabolic state is also reflected by the levels of NADH [84] , which bears its own intrinsic fluorescence properties. The reduction of NAD+ to NADH represents a decreased ability to generate ATP and results in an increase in fluorescence (excitation: 366+/−15 nm, emission: 485+/−nm). Although its spectrum may interfere with optical measurements of other intracellular ion concentration [85] , it allows to relate NADH levels to cardiac electrophysiology without the need for extrinsic fluorophores [86] . The same accounts for the intrinsic absorption changes of mitochondrial cytochromes or the transition of oxy into deoxy hemoglobin and myoglobin [87] . Another important parameter in the metabolic state is the pH, which can be measured with the fluorescent indicator SNARF-1 [88] . The metabolic state of the myocardium may precede and cause electrophysiological changes and predict when and where in the heart arrhythmias will occur.
D. Multiparametric Imaging
The development of fluorescent dyes for ions and or metabolic parameters made it easy to monitor differences in ion concentration during the action potential (see Fig. 6 ). The first measurement of membrane potential and intracellular calcium in the same heart coloaded with both voltage-and calcium-sensitive dyes were done in 1994 [89] and became common in the early 2000 [60] , [90] - [92] . This confirmed the previously suggested relation between spontaneous calcium releases and delayed afterdepolarization as mechanism underlying triggered activity in heart failure (see Fig. 6 ) [93] , [94] . The combination of dyes, however, should be chosen with care. The combination of RH-237/Rhod-2 or di-4-ANEPPS/Indo-1 allows to record simultaneously, whereas the use of Fluo-3/4/di-4-ANEPPS re- sults in an error because of the overlap in emission spectrum of the two dyes [90] , [92] - [94] .
VI. TECHNOLOGY DEVELOPMENT
A. Photodetectors
In the beginning of 1970s, photomultipliers were used to measure the change in fluorescence of single cells [16] . Although photomultipliers lack the ability to store spatial information, they have a high photosensitivity and allow sampling up to 100 kHz. To date, photomultipliers are still used for single cell experiments [95] . Multianode photomultipliers have a low spatial resolution and are not suitable for mapping experiments. Therefore, in the early 1980s laser scanning was combined with photomultipliers to detect propagation of the activation front in the heart [96] . However, the spatial resolution was hampered by sequential recordings and, therefore, failed to resolve a single activation front. The first camera that provided a spatial resolution that was comparable to conventional multielectrode grids used photodiode arrays for detection of fluorescence (12 × 12 or 16 × 16 pixels). The chip of a diode array is made of individual diodes with a large dimension allowing to measure at low light intensities. Also, the ability to control the feedback resistor of current-to-voltage converters, which increases the dynamic range, allows to image small fractional changes of fluorescence at high background levels [97] . The charge-coupled device (CCD) cameras were the first that provided a spatial resolution that was higher than what could be achieved when using conventional multielectrode grids (128 × 128 pixels). The increase in spatial resolution, however, reduces the maximum sampling frequency (+/− 500 frames/s) and the dynamic range (10 3 ), even in the newer developed electron multiplying CCD cameras [6] , [98] . This is a major disadvantage because signal-to-noise ratio is positively related to the light intensity. Alternative imaging technology, which became dominant due to superior signal-to-noise ratio, is based on complementary metal oxide semiconductor (CMOS) technology. It has a high spatial resolution of 100 × 100 pixels, a high signal-to-noise ratio and can sample up 10,000 frames/s. Also the dynamic range is comparable with that of the diode array (CMOS:10 5 versus diode array: 10 6 ) [97] . The existing fast CMOS system is expensive due to the requirement of a subsystem for the acquisition of optical signals, which has to be developed by the industry. However, a recent advancement in technology may offer a long-awaited solution to the cost problem. Several imaging companies developed fast CMOS and CCD cameras with a standard USB-3 interface, which allows sufficient sampling rate without compromising spatial resolution. The cost of USB-3-based imaging system reduces the cost for an optical setup from over a hundred thousand dollars to fewer than ten thousand dollars [99] . Furthermore, a USB-3-based system enables scaling down the size of the setup, which was not achievable with the previously mentioned systems. An imaging system with up to ten CMOS USB-3 cameras could be built at a cost of ∼$10,000-$15,000.
B. Light Sources
The intensity and homogeneity of excitation light is of crucial importance for the quality of optical signals. The first optical experiments were performed using halogen lamps [17] and are still used today [21] , [25] . Other sources used in optocardiography are based on arc using mercury and/or xenon [60] . Both arc and halogen lamps require filters in order to provided light of the requested excitation wavelength. Although these light sources provide sufficient excitation light intensity, there is room for improvement. Arc lamps are unstable because of plasma oscillations and thermal runaway. Furthermore, for the stable excitation light, a highly regulated voltage supply is required, which makes arc and halogen-based light sources relative expensive. Light emitting diodes (LEDs) have recently emerged as a qualitatively better and cheaper alternative for the traditional light sources [100] - [102] . LEDs exist with one specific wavelength, which make excitation filters superfluous when only one fluorophore is used. Furthermore, LEDs can be turned OFF and ON within the order of microseconds which makes them ideal for dual wavelength excitation. The small size of LEDs allows the building of a multi-LED light source that provides enough light for measurements of the intact heart or small tissue preparations [38] , [103] . A disadvantage of the use of LEDs is that cooling is required and there is a nonlinear relation between input current and light output. However, these matters can easily be addressed, which makes LEDs the preferable light source for optical experiments.
C. Calibration and Motion Artifacts
While interpreting optical data, it is important to remember that optical signals are measured as arbitrary units and do not represent absolute voltage or concentration. Furthermore, contraction of the heart can result in a change in fluorescence independent of change in voltage or concentration. These changes are called motion artifacts. One method to address both calibration and motion artifact issues is based on so-called ratiometric measuring. The use of optical indicators with multiple excitation and emission spectra enables ratiometric measuring and elimination of subtle motion artifacts. For Ca2+ measurements, the fluorescent dyes Indo-1 or Fura-2 (reviewed in [59] ) can be used, whereas for voltage measuring, the recently developed Pittsburgh dyes are suitable [23] .
To eliminate motion in the X and Y directions, contraction needs to be uncoupled from electrical activation. Several pharmacologic agents have been used to reduce motion [104] - [106] . A common used agent is 2,3-butanedione monoxime (BDM). Although the use of BDM reduces motion, it has a major effect on calcium handling, conduction, and repolarization [107] , [108] . The recently discovered myosin II inhibitor blebbistatin [109] is, therefore, a preferable candidate for reduction of motion artifacts [106] , [110] . The use of blebbistatin has recently been debated [111] but has been shown to have no effect on cardiac electrophysiology [106] , [110] . However, blebbistatin may improve cardiac function during metabolic stress due to inhibition of the major ATP consumer Mg2+ ATP-ase, responsible for mechanical contraction.
D. Signal Processing
Optical signals arise from a spectral shift of the emission light from the fluorescent dye after a change in membrane potential or binding an ion. The fractional change of fluorescence is small (1%-12%). The need for a high acquisition rate results in optical signals with a low signal-to-noise ratio [112] . For that reason, spatial binning of pixels or temporal filtering is often required to generate signals that are suitable for analysis (reviewed in [113] ). However, binning of pixels reduces spatial resolution and filter settings can alter morphology of signals in such a way that it does not represent the physiological processes from the area where it was recorded [113] , [114] . Although optical mapping is an accepted technique for monitoring cardiac electrophysiology, there is a shortage of standards for signal and image analysis. Our laboratory has developed an open-source MATLAB-based analysis software for optical signals, which is freely available at http://code.google.com/p/rhythm-analysis-software/ [113] .
VII. OPTICALLY MEASURING CARDIAC MECHANICS
Recently, structured light imaging has been used to monitor cardiac mechanics [115] . Structured light imaging uses the deformation of projected light to reconstruct a three-dimensional surface. The advantage of this technique compared to others, like MRI or video-based techniques, is that it has a high resolution (10-100 μm) [116] - [119] . The combination of structural light imaging with optical mapping [120] could be used to study the dissociation between contraction and membrane potentials during ventricular fibrillation or global ischemia [121] . Structured light could also become the basis for correcting optical signals for motion artifacts. Until now, monitoring of two-dimensional motion has been used to correct optical action potentials [122] , [123] . However, for sufficient correction, motion and electrophysiology should be measured with a similar resolution. Although optimization is required, we think that in the future structured light could be used for eliminating motion artifacts in optical signals. In this way, the use of pharmacological excitation-contraction uncouplers would become unnecessary and optical experiments would become more physiological.
VIII. OPTOGENETICS: CONTROL OF CARDIAC FUNCTION
In 2006, a new field emerged and was named "optogenetics" [124] . As the name suggests, it combines optic and genetic approaches to interfere with physiology. As with conventional optical mapping, optogenetics finds its roots in the field of neurology [125] . Optogenetics is based on ectopic expression of light-gated ion channels of which channelrhodopsin1 and channelrhodopsin2 was the first to be used [126] , [127] . Light-gated ion channels can generate a "photocurrent" that is sufficient for stimulating or controlling neurons [128] .
Optogenetics has been introduced to cardiac electrophysiology only recently (extensively reviewed in [8] ). It has been shown that in the intact heart optogenetics can be used to silence spontaneously active cardiomyocytes and activate quiescent cardiomyocytes [7] , [129] , [130] . The possibility to express channelrhodopsin only in specific cell types [131] will allow stimulation or inhibition of cell types in the heart like neurons or Purkinje cells. The latter was not possible with the same precision using conventional (micro) electrodes. Thus, optogenetics provides important new tools for studying the role of the nervous system in atrial fibrillation or the role Purkinje fibers in (ischemia-induced) ventricular fibrillation. In addition, specific overexpression using a lentivirus [132] may enable a future for channelrhodopsin in clinical cardiology. Taken together, we think that the use of optogenetics will lead to important new discoveries in cardiac physiology.
IX. OPTRODE: TRANSMURAL OPTICAL RECORDINGS
The idea of using an optical fiber to carry both the excitation and emission light was first conceived by Neunlist et al., who coined the term "optrode" in 1992 [133] . In 2001, Hooks et al. developed a novel optical system that enabled transmural recording of transmembrane potentials using a bundled "optrode" approach (see Fig. 7 ) [134] . Transmural activation patterns are involved not only in the genesis of the QRS complex but also in arrhythmogenesis [52] , [135] . Thus, the invention of the optrode was an important contribution to the field of the optical mapping that until then was restricted to measurements only from the surface of the endocardium or epicardium. Further, development of the optrode resulted in better signals and clearer transmural recordings of optical action potentials [136] , [137] . We think that the use of the optrode will contribute to the ongoing debate about the origin of the T-wave [138] , [139] . Furthermore, in patients with atrial fibrillation, the area where complex fractionated atrial electrograms (CFAEs) are measured is ablated [140] . The mechanisms of these CFAEs are diverse and not completely understood [141] . We think that the recording of optical action potentials with the optrode will contribute to understanding these CFAEs and the mechanism of atrial fibrillation. Another important application of the transmural optrode approach is dual imaging of action potentials and calcium transients (CAT). Recently, it demonstrated dramatic uncoupling between excitation and contraction due to altered calcium handling during unsupported ventricular fibrillation [121] .
X. LIMITATION OF OPTOCARDIOGRAPHY
To date, the use of optocardiographic methods are well accepted in basic cardiac research. However, as briefly aforementioned, there are also limitations of optical methods. A disadvantage of the use of potentiometric dyes is that only the relative change in potential is measured and not the absolute potentials.
In addition, potentiometric dyes have been reported to exhibit phototoxicity in isolated cells and cell culture preparations [28] . Furthermore, heterogeneous loading and/or excitation may lead to different signal-to-noise ratios throughout the tissue preparation and may influence signal processing and interpretation. It has also been suggested that the use of di-4-ANEPPS and excitation contraction uncoupler blebbistatin may alter cardiac electrophysiology [111] , [142] . The same is true for high-affinity fluorescent calcium indicators that can buffer free calcium and thereby alter calcium handling [59] . These matters should be taken into account when the choice is made to use optical measuring methods.
In clinical cardiology, optical mapping methods are not used to monitor electrophysiology. The main reason for that is that potentiometric dyes are required for measuring optical action potentials. The in vivo effects of these dyes in human physiology are not well investigated and, therefore, are not (yet) allowed. Another disadvantage is that commonly used CCDor CMOS-based camera systems have a bottleneck in slow image visualization which, therefore, limits their use for real-time monitoring of optical action potentials. In contrast, photodiode arrays do have the capability to measure and visualize real time. However, it comes at the cost of the spatial resolution, which does not exceed that of conventional multielectrode grids. New USB-3 CMOS cameras are likely to address this problem by providing relatively inexpensive imaging systems.
XI. CONCLUSION AND FUTURE PERSPECTIVES
The first electrical and optical experiments in the field of cardiology were performed around the end of 19th century. After that, electrocardiography developed into the dominant method for recording and intervention in experimental and clinical cardiology. The last three decades optocardiography has made a fast progression and now exceeds electrocardiography in its capacity to stimulate and record with higher spatial resolutions. Therefore, in the experimental setting, roughly all electrophysiological experiments are done optically. Furthermore, optocardiography has the advantage of multiparametric imaging enabling multi-integrative cardiac physiology. The latter is not possible with electrocardiographic methods and will help unraveling the relation between cardiac metabolism and electrophysiology. In the clinic, however, electrocardiographic methods are still superior for recording and stimulation. Nevertheless, we speculate that the development of an advanced optrode will introduce optocardiography to the clinic. The ability to apply high-resolution optical mapping in vivo would enable the detection of micro reentry circuits or ectopic foci and which could contribute to the treatment of patients with arrhythmias.
